We develop a method for estimating the noise present in a three-component transient electromagnetic (TEM) data set through the use of the equivalent source technique. Particular benefits of this method include reducing random noise due to additive processes and receiver coil orientation and position errors. The ability to de-noise multiple data sets consistently also enables the reliable processing of time-lapsed (4D) TEM survey data in a wide range of monitoring applications. We use two synthetic examples to demonstrate the viability of the technique and show that noise in such surveys can be significantly reduced. We will also demonstrate the application to a field 4D data set in the presentation.
Introduction
Emerging applications of transient electromagnetic (TEM) surveys, such as monitoring of groundwater aquifers and petroleum reservoirs, require dense data distribution over a grid, acquired using three-component receivers. Relatively small signal magnitude in these applications creates new demand for high signal-to-noise ratios (SNR). Typical methods of increasing SNR in TEM surveys include smart stacking during acquisition and various filtering procedures to remove constant sources of noise, such as the common 60Hz signal (Nabighian and Macnae, 1991) .
Unfortunately, these types of filters are not effective at removing certain types of noise.
Noise caused by positioning errors and orientation errors of threecomponent receivers cannot be easily removed by using the above procedures. Furthermore, when performing a timelapse survey for monitoring purposes, many new errors can be introduced by differences in survey parameters, such as changes in the exact location of transmitters and receivers.
To address this issue, we propose a new method for estimating the noise present in a TEM data set through the use of the equivalent source layer (Dampney, 1969) , which is a fictitious source that reproduces all measurements at each time gate. We assume that the measurements are time derivatives of the magnetic field acquired using threecomponent receivers. The equivalent sources allow us to reproduce the signal coherent in each component and consistent among different components. Anything that cannot be reproduced by the equivalent must not be caused by a common subsurface source distribution and is thus noise. This method is ideal for eliminating uncorrelated noise from a dataset, such as that caused by orientation of the three component system or noise from position error, as well as ever-present additive noise.
In this paper, we discuss the theory behind processing TEM data by the equivalent source technique, which is most often used in potential-field data processing, and describe the construction of the equivalent source within the framework of regularized inversion. To demonstrate the viability of the research, we present two synthetic studies and a field example. For brevity, we present only the synthetic cases in this abstract. The first represents a single survey which contains standard Gaussian noise as well as noise caused by the rotation of the three-component system, while the second represents a time-lapse survey containing not only Gaussian and rotational noise, but also noise due to position error.
Equivalent Source
In a typical TEM survey, the change of the magnetic induction with respect to time, t B ∂ ∂ / , is measured at discrete time gates. Each of these measurements is related wholly to the distribution of electrical current in the subsurface at that particular instant and has no dependence on prior distributions. When measurements are taken in air, the quasi-static electromagnetic equation
where µ is the magnetic permeability and σ is the electric permittivity, reduces to Laplace's equation, indicating a linear and "memory-less" system. This implies that we can use any potential-field techniques to process the data map for each time gate at which the measurement is taken (time intersects). In particular, we can construct a separate equivalent source for each time intersect.
The fact that data from all three components are caused by a common subsurface electrical current system associated with the conductivity structure suggests that we use a common model to process them simultaneously. The use of an equivalent source is ideal for this purpose since the data maps of three components of TEM data are related to each other linearly in the same way three components of static magnetic anomalies are related. However, data noise in general does not satisfy this relationship. This observation provides the basis for using an equivalent source technique to extract the coherent signal in the data and interpreting any data that do not obey the linear relationship among components as noise.
De-noising TEM data using equivalent source
The goal of equivalent source construction is to find a fictitious layer of sources that can reproduce all observed potential field data simultaneously (Dampney 1969 
where d v denotes the observed data for each component,
and p is the number of observation points. The total number of data is N=3*p. The matrix G is the sensitivity matrix, which describes the geometry between the sources and the points of observation.
An equivalent source is constructed to reproduce the data according to eq. (2) within error tolerance. We accomplish this by formulating the construction as an inverse problem and solving with Tikhonov regularization. Thus the problem becomes one of minimizing a global function
with a regularization parameter β, consistent with the data noise level. The data misfit is calculated by
where W d is a weighting matrix that normalizes each data point by the standard deviation of its error. The model objective function weights the structure of the model and is defined by
where W m is a model weighting matrix that is a discretized representation of a smallest model measure and horizontally smoothest in two directions, and where m ref is a reference model. In our problem, we do not know the noise level a priori since that is precisely the quantity we are attempting to estimate through this process. Consequently, we cannot choose the regularization parameter according to the standard misfit criterion. Instead, we resort to indirect methods in linear inverse techniques to estimate β. The predicted data from the estimate yields the cleaned-noised data, and the difference between the input and the predicted data yields the noise estimate (Li, 2001 ). Specifically, we use an L-curve criterion (Hansen, 1987) and generalized cross-validation (Wahba, 1990) .
Single Synthetic Survey Example
To test our method, we designed a 3D synthetic model of a conductive block (10 Ωm), 150m by 150m in horizontal extent, 75m deep, and 50m thick, in a background of 50 Ωm. A 300m x 300m transmitter loop was centered about the origin, and data at multiple receiver stations were forward modeled using the UBC-GIF program EH3DTD (Haber et. al., 2004) at every 25m grid point, with the exception of those points landing on the transmitter loop, out to ±300m from the center of the transmitter loop. Two types of noise were then added to the clean data produced by the forward modeling program: random Gaussian noise with a constant standard deviation of 10% of the data maximum for each time intersect, and rotational noise.
Rotational noise was added to simulate the effects of the three-component sensor being rotated during various parts of the survey. If the sensor coils are misaligned with the specified coordinate direction (typically parallel or perpendicular to sides of transmitter loop), the xcomponent of the sensor measures parts of both the x-and the y-components of the magnetic field, and the same holds for the y-component of the sensor. We assumed that the sensor would rotate about the z-axis with an allowed range of motion of ±10º. In practice it is often much easier to correctly align the vertical component than the horizontal components.
The results of the equivalent source construction for a delay time of 0.525ms are shown in Figure 1 . This time is chosen for display as it shows the response of the conductive block the best. Using a horizontal extent of 25m and a depth of 75m, chosen empirically to obtain an ideal misfit, for the equivalent source layer, we are able to remove the majority of the noise from the original data set, creating an improved data set for interpretation. Figure 2 shows the equivalent source model created to produce the de-noised data as well as the Tikhonov curve used to obtain an ideal data misfit. We compare the estimated noise to the true noise added in the synthetic survey in Figure 3 , and note that the procedure does a reasonable job of estimating the noise present.
De-noising TEM data using equivalent source Figure 1 : Illustration of the equivalent-source processing using a synthetic example. Panels (a), (b), and (c) (top row) show clean data for the x, y, and z component respectively. Panels (d), (e), and (f) show data contaminated with 10% gaussian noise and rotational noise. These data are processed using the equivalent source algorithm, and the resulting de-noised data are shown in panels (g), (h), and (i). All data are in units of µV/m 2 . Figure 2 : Panel on the left shows a sample Tikhonov curve used to determine the optimal data misfit value using an L-curve criterion in the processing of data shown in Figure 1 . Panel on the right shows the corresponding equivalent source, which produces the de-noised data in Figure 1 .
Time-Lapse Synthetic Survey
When performing a time-lapse TEM survey, the amount of possible sources of error increases dramatically. In addition to the usual sources of noise, such as cultural features, near-surface geological features, and orientation error between the receiver and the transmitter, we introduce errors in the later set of data with respect to the initial set of data. Various survey parameters may be altered, such as differences in the current waveform, changes in near surface properties, or new sources of cultural noise, all of which can pose unexpected problems for a time-lapse survey (Hordt et. al. 1996) .
For the purposes of the equivalent source method, the survey parameter that we are most interested in is a change in the location of the receiver coils from the first survey to the second, as this creates a type of noise that existing processing techniques cannot account for. While receiver coil locations can be mapped precisely using GPS, TDM, or with physical markers left in the ground from the first survey, it is not guaranteed that in resurveying the site the exact same receiver locations will be reoccupied.
In a typical time-lapse survey, the data taken in the later survey is subtracted from the data taken in the initial survey. However, if the locations of the receiver are not constant between two data sets, the subtraction of the latter data from the former data will contain errors due to position, as the path of the current and hence the field measured will differ. Depending on the dimensions of the survey and the depth of the target, a displacement of the receiver coils by 1% of the transmitter -receiver spacing may be enough to introduce significant noise (McCracken et. al., 1986) .
To simulate a time-lapse survey, we modified the model from our first example and extended the conductive layer another 150m to the south, doubling its extension in the ydirection. Clean data were again generated for 30 timegates using EH3DTD. To represent error in position, we calculated the values at positions different from the previous synthetic survey by a random amount between ±5m, but assumed in the equivalent source algorithm that they represented the same points as in the initial survey. We then further added Gaussian noise and rotational noise to the data.
To process the data, we used the equivalent source models constructed from the previous synthetic survey as the reference models in the second data set. After the second synthetic survey's data had been processed, the cleaned data set from the first survey was subtracted from the cleaned data set of the second survey to obtain a difference, and the results were compared with the actual difference between the two clean synthetic data sets.
The results of the procedure again for a delay time of 0.525 ms are shown in Figure 4 . We can see that the equivalent source construction does an acceptable job of reproducing the true change between the models, with major features in the correct places and on the correct scale. While it does not reproduce the change perfectly, it is a much improved result over simply subtracting the observed data. De-noising TEM data using equivalent source
Conclusions
We have demonstrated that the application of the equivalent source method to noisy three-component TEM data sets results in a much improved data set, which can then be used for further processing or for interpretation. The method discussed is particularly apt at removing noise due to coil misalignment and receiver position error. The processing technique enables one to extract a high timelapse signal from 4D TEM surveys so it is not overwhelmed by noise in each data set.
Given that a majority of electromagnetic induction data in applied geophysics satisfies the quasi-static approximation and the measured field is Laplacian in the air, our method is applicable in general. The only requisite condition is the availability of a set of receiver stations. We are also looking into the feasibility of the method in processing other types of three-component electromagnetic data, such as airborne EM, CSEM, and CSAMT. 
